The present study examines the inhibitory effect of the essential oil (EO) of Origanum vulgare, its active components carvacrol and thymol, and a few active components of other EOs, namely, eugenol, trans-cinnamaldehyde and 1,8-cineole, against Penicillium verrucosum CBS 302.48, Aspergillus westerdijkiae CBS 112803 and Aspergillus westerdijkiae CBS 112804. Therefore, the minimum inhibitory concentration (MIC) was determined by broth macrodilution of each antifungal agent. Regarding their antifungal activity, the following ranking in order of decreasing inhibitory action is:
INTRODUCTION
Food spoilage by molds may result in a considerable economic loss for the food industry, in addition to being a health risk for consumers with respect to mycotoxin-producing mold species. Initially, A. ochraceus and P. verrucosum were considered as the most important Ochratoxin A (OTA) producers in foods (Mantle 2002) . However, Frisvad et al. (2004) described A. westerdijkiae as a new species in the Aspergillus section Circumdati, and Gil-Serna et al. (2011) demonstrated that A. westerdijkiae is much more relevant as a source of OTA in food than A. ochraceus. OTA is nephrotoxic, neurotoxic, hepatoxic, teratogenic, genotoxic, immunotoxic, embryotoxic, carcinogenic and is classified by the International Agency for Research on Cancer (IARC) as a possible human carcinogen (group 2B) (WHO 2007; Mantle et al. 2015) . OTA as a food contamination has been associated with the Balkan Endemic Nephropathy and in addition levels of the mycotoxin, detected in human fluids, like blood, urin and human milk, are indications of a frequent exposure of the human population in various countries (Krogh et al. 1977; Malir et al. 2016) . Due to the high stability of OTA, it is not destroyed during standard foodproduction processes and can be found both, in raw materials and in processed foods, like, cereals and cereal products, coffee, grapes, wine, beer, cocoa, nuts, dried fruits and spices (Jeršek et al. 2014; Malir et al. 2016) .
A conventional way to prevent decomposition by microbial growth is the use of preservatives. Despite the desire for safe food, there is an increasing consumer demand to avoid or diminish chemical food additives, resulting in a growing interest in new safe and biodegradable preservatives. From ancient times until now, numerous plant extracts with antimicrobial activity have already been known, including essential oils (EOs) and their active components (Bakkali et al. 2008; Calo et al. 2015) .
EOs are volatile aromatic liquids of several components with a hydrophobic character obtained from different plant parts. Their complex chemical profile can vary according to climate, age, and method of isolation, and these influence their antimicrobial properties (De Falco et al. 2013) . Using single components, which are responsible for the antimicrobial effects of EOs, prevents the lack of reproducibility. The two main groups of EO constituents are composed, on one hand, of terpenes and terpenoids and, on the other hand, of aromatic and aliphatic constituents (Bakkali et al. 2008) . For most of these compounds, the mechanisms of actions against microorganisms have not been completely elucidated.
Due to their strong aroma, the use of natural preservatives in food is limited. This problem can be overcome by potential synergies of natural preservative combinations, possibly leading to a reduced amount of the inhibitors required. Furthermore, additive combinations may allow the flavor of one component to not become overly prominent. Additionally, the inhibitory effect of the natural preservatives also depends on the milieu conditions of the respective food, such as pH value and water activity (a w ) (Burt 2004) .
In the field of bacteria, large data sets already exist for natural inhibitors in vitro (Dorman and Deans 2000; Schelz, Molnar and Hohmann 2006) and in situ or in vivo (Gutierrez, Barry-Ryan and Bourke 2009; Chen, Davidson and Zhong 2014; Siddiqua et al. 2015) . Although there are promising current studies in the field of molds (Gurdian et al. 2017; Khorasani et al. 2017; Quadi et al. 2017; Songsamoe, Matan and Matan 2017; Ju et al. 2018) . There is still a need for research as a basis for potential use in foods with regard to the antifungal inhibitory effect of potent EOs and their active components against the food-related and OTA-producing species P. verrucosum and A. westerdijkiae.
The present study was conducted to determine the antifungal activity of some natural preservatives, which have already shown a promising antimicrobial or a synergistic effect in other studies (Pei et al. 2009; Bassolé et al. 2010) , namely, Origanum vulgare EO (oregano) and its active components carvacrol and thymol, as well as a few active components of further EOs, which are used to prevent the lack of reproducibility of the hole EO, such as eugenol (clove), trans-cinnamaldehyde (cinnamon) and 1,8-cineole (eucalyptus), against P. verrucosum and two strains of A. westerdijkiae, regarding combination effects and different pH and a w values of the milieu. Furthermore, a comparison with some typical synthetic preservatives against molds is made to classify the potency of the natural inhibitors. Propionic acid (natural, 99%, FG), sodium sulfite (≥98.0%) and sorbic acid (≥99.0%), also supplied by Sigma-Aldrich (Steinheim, Germany), were used to obtain a comparison to conventional preservatives. Propionic acid and sodium sulfite were dissolved in sterile distilled water, sorbic acid in ethanol absolute.
Mold strains and spore suspension
The experimental work was carried out with A. westerdijkiae CBS 112 803, A. westerdijkiae CBS 112 804 and P. verrucosum CBS 302.48 obtained from Westerdijk Fungal Biodiversity Institute (former CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands). Cultures of each fungal species were maintained on malt extract agar (MEA) at 25
• C.
Spore suspension was prepared from 10-14-day-old cultures in sterile aqueous solution of 0.01% (w/w) Tween 20. Number of spores was determined with a Fuchs-Rosenthal counting chamber and, if necessary, adjusted with sterile distilled water to the final required concentration.
Determination of minimum inhibitory concentrations
Minimum inhibitory concentrations (MICs) of each antifungal agent were determined through broth macrodilution. Each testing well in a 12-well plate contained 1.5 mL of yeast extract glucose (YG) broth with 4% glucose and 1% yeast extract, the antifungal agent (diluted in 0.01% steps and in 0.001% steps for trans-cinnamaldehyde), the spore suspension (5.0 × 10 4 spores/mL in each well), and distilled water, which was used to adjust the final volume to 3 mL. Every 12-well plate includes a positive control with YG broth, distilled water and the spore suspension, a negative control with YG broth and distilled water, and a solvent or surfactant control with YG broth, distilled water, the spore suspension and the respective solvent or surfactant. 12-well plates were incubated at 25
• C in the dark with agitation (100 rpm) and assessed visually after 4 days. MIC was defined as the lowest concentration of natural preservative that inhibits visible growth. To ensure that there was no fungal or bacterial contamination in the stock solutions of the tested inhibitors, 1 mL of natural preservatives were inoculated onto MEA and plate count agar.
Combinations of natural preservatives
The combined effects of the natural preservatives were studied by checkerboard assay. Broth macrodilution (as previously described) was used on an 81-well plate composed of nine 12-well plates and additional wells for positive, negative and surfactant or solvent controls. The first antifungal agent was diluted 1.5-fold along the x-axis, and the second antifungal agent was diluted 1.5-fold along the y-axis so that each well of the checkerboard assay contained a unique combination of the natural preservatives. Starting with the highest concentration, previously determined MICs were set on the third well of the x-and y-axes. Wells were inoculated with 100 μL of spore suspension to get a final volume of 5.0 × 10 4 spores/mL in each well.
The fractional inhibitory concentration index (FICI) was calculated according to Hollander and Mouton (2007) In case of very high MICs above 10 000 μg/mL, no combined effects were tested.
Modification of growth conditions
To determine the influence of pH and a w values on antifungal activity of plant derived extracts, the milieu conditions were modified. The a w value of YG broth of 0.99 was modified by adding predetermined amounts of glycerol before autoclaving to get final a w values of 0.92, 0.90 and 0.87. The pH value was adjusted after autoclaving to pH 4.5 and 3.5 by sterile-filtered citric acid and adjusted to pH 7.0 using sterile-filtered sodium hydroxide. The pH value of the unmodified medium was pH 5.6. MICs were determined as previously described.
Water activity was determined with an AquaLab Series 4TEV (Decagon Devices, Pullman, USA) by dew point measurement, and pH values were determined with a Portamess 911 pH meter (Knick, Berlin, Germany). Every pH and a w measurement was done in triplicate, and the average value was reported.
Statistical analysis
MICs were carried out in triplicate repeated once. The results are based on the median.
Medians and significances (α = 0.05) were calculated with SPSS Statistics 23.0 (IBM, SPSS Inc., Chicago, IL, USA). The significance of the influence of pH and a w on the inhibitory concentration of the natural preservatives for the respective mold was determined by the Friedmann test, followed by the Wilcoxon test. The Page test (α = 0.05) was used to determine whether a trend of the MICs depending on the milieu conditions exists. Since SPSS does not have a Page's trend calculation, it was done manually. The pairwise comparison of significant differences between the two Aspergillus strains was carried out by the Mann-Whitney-U test. Trans-cinnamaldehyde is the most potent antifungal inhibitor, followed by the isomers carvacrol and thymol, which are almost equal to each other. According to Veldhuizen et al. (2006) , the presence of the hydroxy group of the benzene ring is a major reason for the strong antimicrobial effect of carvacrol, which probably also applies to its isomer thymol. In addition to the different single active components, O. vulgare EO as a complete EO was also tested and showed a slightly worse antifungal inhibitory effect than its active components carvacrol and thymol. According to the certificate of analysis (Table 1) , the tested O. vulgare EO has a carvacrol content of 70.1% and a thymol content of 1.8%. Although some studies (Dorman and Deans 2000; Milos, Mastelic and Jerkovic 2000) suggest that the complete EO is more potent than its active components, due to the presence of side effects of minor components, in the present study, only carvacrol and thymol were responsible for the antifungal effect. This was determined by testing only the proportion of thymol and carvacrol contained in the O. vulgare EO certificate of analysis versus the total EO (data not shown). Since EOs can show significant differences in composition between two different batches due to different environmental conditions such as Falco et al. 2013) , the use of their active components allows higher reproducibility. Like the other tested natural preservatives, even eugenol is a very effective antifungal agent but it is slightly worse than Origanum vulgare EO. Only 1,8-cineole has a weak inhibitory effect.
RESULTS AND DISCUSSION

MICs of natural and chemical preservatives
Regarding their antifungal activity, the following ranking in order of decreasing inhibitory action is: trans-
In many studies, a strong antifungal effect with comparable ranking and inhibitory action could also be demonstrated for carvacrol, thymol, eugenol and trans-cinnamaldehyde or for corresponding EOs, which contain a high proportion of these substances (Mishra et al. 2013; Tejeswini et al. 2014 ). An clearly lower antifungal effect for 1,8-cineole or for EOs, which bear this as the main component, is confirmed by Souza et al. (2005) as well as Safaei-Ghomi and Ahd (2010), where the latter study showed that although 1,8-cineole does inhibit various bacteria, it does not affect A. niger. This may possibly due to the lower hydrophobicity of 1,8-cineole compared to the other agents used and the resulting weaker bonding to the more hydrophobic mold spores than to bacteria cells. Generally, a comparison with results from other studies can often not be made because, on one hand, the methods often differ significantly, and on the other hand, for molds, an instrumental and therefore objective determination of the MIC is not possible. In contrast to the determination of MICs for bacteria, in the case of molds, a visual evaluation is necessary since a spectrophotometric measurement is not possible, due to the heterogeneous nature and growth of molds. This means that the determination of the MICs is always somewhat subjective.
The strong antifungal action of the phenylpropanoid transcinnamaldehyde is presumably based on the reactive aldehyde group. Thus, it could be shown that trans-cinnamaldehyde causes a disruption of membrane integrity and works as an inhibitor of cell wall synthesizing enzymes (Homa et al. 2015) . According to Wang, Chen and Chang (2005) , the conjugated double bond and a long CH chain outside the ring could also be responsible for the antifungal activity. The isomers carvacrol and thymol are monoterpenoid phenols having a free hydroxy group on the phenol ring. The hydroxy group enhances its hydrophobic properties, which could help them to dissolve in the microbial membrane of molds and impair them (Ultee, Bennik and Moezelaar 2002; Veldhuizen et al. 2006) . In addition, their antifungal effect is presumably due to the property of inhibiting ergosterol biosynthesis and rendering the cytoplasmic membrane porous (Chavan and Tupe 2014) . Eugenol probably has the same effect of a reduction in ergosterol content and damage of the membrane, which could also be observed for other natural inhibitors (Pinto et al. 2009; Prakash et al. 2015) . Its aromatic nucleus and a phenolic hydroxy group are known to be reactive and to form hydrogen bonds with active sites of target enzymes, resulting in deactivation of enzymes in fungi (Farag, Daw and AboRaya 1989; Velluti et al. 2003) . Although eugenol, such as transcinnamaldehyde, belongs to the phenylpropanoids, it does not have a reactive aldehyde group, which can be one explanation for its weaker antifungal activity.
Some studies have shown that EOs and their active components cause a morphological change of hyphae and spores, alteration in cell shape and size, leakage of cell wall and membrane, and at least collapsed hyphae due to loss of cytoplasma (Soylu et al. 2007; Homa et al. 2015) . In general, the antimicrobial activity of many EOs depends on contained terpenes, terpenoids or phenylpropanoids. Although the mechanisms of action are not yet fully understood, their antimicrobial activity appears to result from their high lipophilic properties and from their low molecular weight. Hence, the natural compounds can inhibit germination and sporulation, damage the cell membrane and at least cause cell death of food spoilage molds (Cruz Cabral, Pinto and Patriarca 2013) .
For comparison with synthetic inhibitors, some typical food preservatives against molds, namely, sodium sulfite, sorbic acid and propionic acid (Jing et al. 2014; Davidson et al. 2015) , were used. Compared with these conventional synthetic preservatives, the natural inhibitors can compete very well and even exceed them. Thus, the antifungal action of sorbic acid is still comparable with the natural inhibitors, but compared to carvacrol and thymol, approximately a 5-fold or 7-fold higher amount of propionic acid is required for the MIC; in addition in comparison to trans-cinnamaldehyde, it is more than a 20-fold higher amount. For sodium sulfite, MICs were significantly higher than those of the natural inhibitors. The values obtained are comparable to those of other studies (Plumridge et al. 2008; Askarne et al. 2013; Dagnas et al. 2015) .
FICIs of combined natural preservatives
The results of the checkerboard test are presented in Table 3 . The FICIs ranging between 0.8 and 1.3 and thus show no interaction, which means that they have an additive or indifferent effect, even though within the scale used for assessment, they tend to be in the lower direction toward synergism rather than antagonism. Following the arguments of Hollander and Mouton (2007) and Odds (2003) , a subdivision into 'indifferent' and 'additive' was not made. The visual evaluation, which is due to the heterogeneous growth of molds required, is less accurate than spectrophometric reading (Te Dorsthorst et al. 2002) , and always subjective. It has shown in some assays, that when in doubt, whether a well was positive or negative, evaluations are incorrectly assigned to the other assessment range.
With regard to the combinations among O. vulgare EO, carvacrol, thymol, eugenol and trans-cinnamaldehyde, neither synergistic, nor antagonistic effect could be observed. Nevertheless, no interaction between the natural preservatives could be helpful for use in food if the natural preservatives are combined in such a way that the sensory character of one component does not predominate.
Effect of pH and a w value on antifungal activity
The dependence of the MICs of the natural preservatives on different pH values for A. westerdijkiae and P. verrucosum are presented in Fig. 1 . Since the results of the two Aspergillus strains show no significant difference (p > 0.05), only the results of A. westerdijkiae CBS 112 803 are presented below. Due to the already very high MICs of 1,8-cineole, no determination of the dependence on different milieu conditions was made.
In the range of pH 7.0 and 5.6, the MICs of the natural inhibitors stagnate. Only the inhibitory action of eugenol against P. verrucosum and of trans-cinnamaldehyde against A. westerdijkiae and P. verrucosum decreases. In the range between pH 5.6 and 3.5, a decrease of MICs with decreasing pH is observed, whereas trans-cinnamaldehyde appears to be clearly less dependent on the pH value. All natural inhibitors have the lowest MICs at pH 3.5. Although the inhibitors act at all tested pH values, the modification of pH has a significant influence (p ≤ 0.05) on the distribution of the measured values. In effect, the trend that within the tested pH range, the MIC also falls with decreasing pH value is significant at the 5% level.
Molds can grow over a wide pH range but usually prefer moderately acidic conditions (Krämer and Prange 2017). Thus, Wheeler, Hurdman and Pitt (1991) showed that P. verrucosum and A. ochraceus, which is physiogenetically quite similar to A. westerdijkiae (Frisvad et al. 2004) , grow well from pH 3 to 10 at 25
• C, with an optimum between pH 6.0 and 8.0 for P. verrucosum and between pH 3.5 and 4.0 for A. ochraceus. If it is assumed that the growth optimum of the tested mold strains is in the mentioned pH range, with regard to P. verrucosum, the lower MIC at pH 4.5 compared to pH 7.0 could be explained by the growth optimum at acid pH conditions, but the opposite would be the case for A. westerdijkiae. Since molds are relatively unaffected to such pH value modifications, this outcome clearly does not constitute an explanation. In effect, the enhancement of the inhibitory effect at lower pH values can be explained by the fact that at lower pH values, phenol groups are largely undissociated and, thus more hydrophobic; in addition, they ultimately have more potent antimicrobial activity because they may bind better to hydrophobic regions of the membrane proteins and also dissolve more easily in the lipid phase (Juven et al. 1994) . Furthermore, Skandamis and Nychas (2000) reported a synergistic effect of citric acid due to the higher undissociated form at low pH values. Eugenol, thymol, carvacrol, and O. vulgare EO, which contain thymol and carvacrol, in contrast to trans-cinnamaldehyde, have phenolic components. This also seems to be a possible explanation why the inhibitory action of trans-cinnamaldehyde depends less on changes of pH value. This enables the use of natural preservatives under different pH conditions, which agrees with results found in other studies (Si et al. 2006; Chavan and Tupe 2014) . Furthermore, naturalderived inhibitors appear to be less pH-dependent than chemical preservatives (López-Malo, Alzamora and Palou 2005; López-Malo et al. 2007) .
The effect of different a w values on the inhibitory activity of O. vulgare EO, carvacrol, thymol, eugenol and transcinnamaldehyde is shown in Fig. 2 .
Generally, MICs decrease with decreasing a w values. The inhibitory action of carvacrol, thymol and O. vulgare EO against A. westerdijkiae stagnates between 0.99 and 0.90 a w . Although the inhibitors act at all tested a w values, the modification of a w has a significant influence (p ≤ 0.05) on the distribution of the measured values. In effect, the trend that within the tested a w range, the MIC also falls with decreasing a w value is significant at the 5% level. This outcome is primarily due to the fact that with decreasing a w values, the distance from the growth optimum of molds increases. Although they can tolerate a wide a w range, molds grow preferentially at higher a w values (Krämer and Prange 2017), which is also evident from the positive control of the experiment. These results were in agreement with results found in other studies; for example, Cairns-Fuller, Aldred and Magan (2005) showed that the optimum growth for P. verrucosum is at 0.98 a w (25
• C), and Marín et al. (1998) P. verrucosum reacts in these assays more sensitively to low a w values than A. westerdijkiae. This observation is supported by the fact that A. ochraceus (physiogenetically quite similar to A. westerdijkiae), as a xerotolerant mold, is more capable of growing at low a w values than P. verrucosum (Cairns-Fuller, Aldred and Magan 2005; Krämer and Prange 2017) . For the latter mold, a continuous decrease of MICs can be recorded for all tested natural preservatives, whereby the values of O. vulgare EO, carvacrol, thymol and trans-cinnamaldehyde remain constant for A. westerdijkiae in the range between 0.99 and 0.87 a w . Similar to changes in pH values, the inhibitory effect of trans-cinnamaldehyde also appears to be quite unaffected by a w change.
Although the present study shows that the natural inhibitors have a good growth inhibition on P. verrucosum and A. westerdijkiae and in addition are tolerant to different pH and a w values, the effect on mycotoxin production must also be investigated. Jeršek et al. (2014) and Aldred, Cairns-Fuller and Magan (2008) have shown that carvacrol, oregano oil, cinnamon leaf oil, clove oil and thyme oil even triggered the OTA production at concentrations below the MIC. This illustrates that growth inhibition is not necessarily related to toxin production. Rather, by intracellular stress which in this case is triggered by suboptimal levels of the antifungal agents, toxin production can even be increased as a defence reduction (Magan et al. 2002) .
CONCLUSION
The tested natural preservatives O. vulgare EO, carvacrol, thymol, eugenol, and trans-cinnamaldehyde have a good antifungal effect against P. verrucosum and A. westerdijkiae, and only 1,8-cineole inhibits the growth of the molds less. Their antifungal activity is comparable to sorbic acid and is even better than the inhibitory effect of propionic acid and sodium sulfite. Hence, natural inhibitors represent a possible alternative for the preservation of food. A promising prerequisite for this fact is that they are tolerant to different pH and a w conditions, although they show a marginally better inhibitory effect in a slightly acid environment, as well as at lower a w values. The determination of FICIs shows no interaction between the components, which allows the use of combined applications in food so that the aroma of one component is not predominating. Nevertheless in further research the behavior of natural inhibitors within different food matrices must be determined to examine the influence of food ingredients, such as fat, proteins or starch. Furthermore, the role of the tested antifungal agents in the context of mycotoxin production has to be investigated.
